Abstract. Pulmonary arterial hypertension (PAH) is a severe and fatal clinical syndrome. C-X-C chemokine receptor type 4 (CXCR4) is known to serve a key role in recruiting mesenchymal stem cells (MSCs) from the bone marrow. In the present study, a rat model of PAH induced by 5 weeks of chronic hypoxia and treatment with a single injection of monocrotaline (60 mg/kg) was used to investigate the involvement of CXCR4 in PAH. Successful establishment of the PAH model was confirmed by significant differences between the PAH and control groups in right ventricular systolic pressure, Fulton index, wall thickness, vascular occlusion score determined by immunohistochemical staining and the expression of inflammatory markers measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The expression of CXCR4 and other stem cell markers were compared in the PAH and control groups. RT-qPCR showed that the expression of CXCR4, SCF, c-Kit, and CD29, which are expressed in MSCs, was significantly higher in the PAH group. Immunohistochemical staining also showed that the numbers of CXCR4-, c-Kit-and CD90-positive cells were significantly higher in the PAH group. These results suggest that CXCR4 is involved in the pathogenesis of PAH and that stem cells may serve an important role in pulmonary vascular remodeling.
Introduction
Pulmonary arterial hypertension (PAH) is a severe and fatal clinical syndrome that can cause high blood pressure in the pulmonary artery via right ventricular overload, right heart failure, and death (1, 2) . The pathogenesis of PAH is complex and known to involve endothelial dysfunction, proliferation of smooth muscle cells, pulmonary arteriolar occlusion, chronic inflammation, and pulmonary vascular remodeling (3) (4) (5) (6) . Three main classes of drugs have been widely used to treat PAH: Endothelin-1 receptor antagonists, phosphodiesterase type 5 inhibitors, and prostacyclins. However, these drugs can only delay the course of PAH and cannot cure the disease (7) . Recent studies of PAH treatment have focused on gene and cell therapy in animal models and in some clinical cases, as these treatments are considered safe and can attenuate pulmonary vascular remodeling and right ventricular hypertrophy (8) (9) (10) . Gene and cell therapy are intended to promote angiogenesis, increase blood flow, and alleviate ischemia.
C-X-C chemokine receptor type 4 (CXCR4) is known to be expressed in cancer cells and stem/progenitor cells, including endothelial and smooth muscle progenitors (11, 12) . The ligand of CXCR4, stromal cell derived factor-1 (SDF-1), recruits CXCR4-expressing cells to SDF-1-expressing cells at sites of ischemic injury.
CXCR4 inhibitors have been used to investigate the function of CXCR4 and inhibit tumor cell migration and proliferation (13) . Furthermore, inhibition of CXCR4 using small-molecule inhibitors can prevent pulmonary arterial muscularization in PAH models (14) . Mesenchymal stem cells (MSCs) and gene therapies have emerged as novel tools for the treatment of PAH (2) .
The purpose of this study was to investigate the involvement of CXCR4 and stem cells such as MSCs in a monocrotaline (MCT) and chronic hypoxia (CH)-induced model of PAH by measuring the gene/protein expression levels of CXCR4 and stem cell/MSC marker genes and proteins. We focused on MSCs from bone marrow, which can differentiate into endothelial and smooth muscle cells. Upregulation of CXCR4 and MSC markers in PAH models would suggest that CXCR4 is involved in the development of PAH. Excessive CXCR4 recruitment of MSCs may cause MSCs not to fully differentiate into endothelial and smooth muscle cells, or other lung cells, which may impair lung tissues and vessels and lead to PAH. In this case, CXCR4 inhibitors may be useful for treating PAH, as inhibition of CXCR4 would inhibit the recruitment of MSCs.
Materials and methods
Animal models. Male 6-week-old Sprague-Dawley rats (180-230 g; Tokyo Experimental Animal Company, Tokyo, Japan) were randomly assigned into two groups with eight rats/group. PAH model rats were established as previously described (10) . Briefly, i) control group, rats were subcutaneously injected with a single dose of 0.9% saline and maintained in a chamber with normal air for 5 weeks; ii) PAH group, rats were subcutaneously injected with a single dose of MCT and maintained in a hypoxic chamber for 5 weeks. The oxygen concentration was maintained at 10% by continuously flushing the chamber with a gas mixture of low %O 2 and high %N 2 . MCT (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was dissolved in 1 N HCl, neutralized with 1 N NaOH, and diluted with distilled water to 20 mg/ml. A dose of 60 mg/kg (3 ml/kg) was administered to the animals (10,15). All rats had unlimited access to food and water and were weighed weekly.
All experiments were conducted according to a protocol approved by the Institutional Animal Experiment Committee of the Tokyo Women's Medical University (AE16-117). All applicable international, national, and/or institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution.
Hemodynamic studies and evaluation of right ventricular hypertrophy. Five weeks after MCT injection, the rats were anesthetized by isoflurane inhalation. A micro-tip catheter (Millar Instruments, Houston, TX, USA) was inserted into the right ventricle (RV) via the right jugular vein to measure the right ventricular systolic pressure (RVSP). The catheter was connected to a PowerLab Data Acquisition system and Lab Chart 7 software (ADInstruments, Dunedin, New Zealand), which were used to record the data. After hemodynamic evaluation, the rats were sacrificed by bloodletting. The heart, lungs, and pulmonary arteries (PAs) were separated and harvested, and then the free wall of the RV was separated and weighed. The left ventricle and septum (LV+S) were also separated and weighed. The Fulton index (weight ratio of RV and LV+S) was measured (10, 15) .
Immunohistochemical staining. The left and right lower lobes of the rat lungs were fixed by tracheal infusion of 4% paraformaldehyde (pH 7.4) and incubated in 4% paraformaldehyde overnight. Lungs were prepared as paraffin-embedded tissue samples and cut into 4-µm-thick sections. After deparaffinizing, some sections were stained with hematoxylin and eosin (H&E). Antigen retrieval was achieved by treating the sections with Immunosaver (Nisshin EM Co., Ltd., Tokyo, Japan) at 98˚C for 45 min in a kitchen electric pot (Zojirushi Corporation, Osaka, Japan; CD-WU30). After incubation with 0.3% H 2 O 2 for 30 min to block endogenous peroxidase activity, the sections were treated with normal goat serum for 30 min, and then incubated with primary antibodies at 4˚C overnight. Immunohistochemical staining was conducted using antibodies against α-smooth muscle actin (α-SMA) (1:500; Sigma-Aldrich; Merck KGaA), proliferating cell nuclear antigen (PCNA; 1:125; Sigma-Aldrich; Merck KGaA), c-Kit (1:50; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), CD90 (1:50; Santa Cruz Biotechnology, Inc.), and CXCR4 (1:500; Abcam, Cambridge, UK) as primary antibodies. The sections were further incubated with a biotinylated secondary antibody at room temperature for 1 h, and then with avidin-biotin complex (Vector Laboratories, Peterborough, UK), followed by diaminobenzidine (Nacalai Tesque, Kyoto, Japan). Mayer's hematoxylin (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used for counterstaining.
α-SMA staining was used to calculate the percent medial wall thickness (%MT). The external diameter (ED) and MT were measured in muscularized PAs, whose EDs varied from 50 to 100 µm, to calculate %MT=(2x MT/ED) x100 (16) . For all evaluations, 20 intra-acinar PAs per section from each rat were randomly selected. PCNA staining was used to calculate the vascular occlusion score (VOS), which was categorized as Grade 0 (no evidence of neointimal formation), Grade 1 (less than 50% luminal occlusion), or Grade 2 (more than 50% luminal occlusion) (17) . For all evaluations, 20 intra-acinar PAs per section from each rat were randomly selected.
CXCR4 staining was performed to compare expression of this protein in PAH rats and control rats, and CD90 and c-Kit staining were performed to compare the number of stem cells in PAH rats and control rats. Because CXCR4-positive cells aggregated, it was impractical to count individual cells; thus, the number of CXCR4-positive cell aggregates was counted instead. The numbers of c-Kit and CD90-positive cells around PAs were counted and compared between the two groups. For each type of staining, we randomly chose 15-20 microscopic areas from each rat.
RT-qPCR. RNA was isolated from the small PA and surrounding lung tissue in the left and right lower lobes of the lung using the RNeasy Mini kit (Qiagen, Hilden, Germany). cDNA was synthesized using the PrimeScript™ RT Reagent kit (Takara Bio, Shiga, Japan). qPCR was performed using a Thermo Scientific PikoReal Real-Time PCR System (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Each sample was analyzed in triplicate. β-actin mRNA expression was measured for normalization. mRNA expression was normalized to β-actin expression using the equation 2 -∆ΔCq (18) . Primer sequences are listed in Table I .
Statistical analysis. Quantitative data are expressed as the mean ± standard deviation (SD). Statistical analyses were performed using the independent samples t-test in SPSS software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Animal survival rate, RVSP, and right ventricular hypertrophy measurement. The eight rats in the control group survived and remained active during the experiment. In contrast, two of the eight rats in the PAH group died during the experiment. The first died at 3 weeks and 5 days and the second died at 4 weeks and 4 days. Therefore, eight control rats and six PAH rats were used for the experiments described below. Histopathology. %MT and VOS. H&E staining was performed to observe differences in the pulmonary artery wall between the control group ( Fig. 2A ) and the PAH group (Fig. 2B) . To confirm that the thicker tissue consisted of smooth muscle cells, lung tissue sections were immunohistochemically stained using an α-SMA antibody. Compared with the control group (Fig. 2C) , increased proliferation of smooth muscle cells was observed in the PAH group (Fig. 2D) . PCNA-positive proliferating cells were barely visible in the control group (Fig. 2E ), but were distributed throughout the lumen and wall of the PA in the PAH group (Fig. 2F) . Measurement of the thickness of the pulmonary artery wall indicated a significant difference in %MT between the PAH group and the control group: 32.08±5.49% in the PAH group and 17.52±0.61% in the control group (P=0.002, Fig. 2G ). Furthermore, a significant difference was observed in VOS between the PAH and control groups: 1.66±0.28 for the PAH group and 0 for the control group (P=0.001, Fig. 2H ).
Expression of inflammatory markers in RT-qPCR. mRNA expression was quantified relative to β-actin mRNA using the equation 2 -∆∆Cq . Rats in the PAH group exhibited significantly higher gene expression levels of MCP1 (relative expression 0.0439±0.0372 in the PAH group and 0.0029±0.0007 in the control group, P=0.017, Fig. 3A ), IL-6 (0.0256±0.0225 in the PAH group and 0.0032±0.0017 in the control group, P=0.026, Fig. 3B ), TNFα (0.1942±0.1940 in the PAH group and 0.0172±0.0047 in the control group, P=0.036, Fig. 3C ), CXCR1 (0.00072±0.00058 in the PAH group and 0.00013±0.00010 in the control group, P=0.037, Fig. 3D ), and CXCR2 (0.0120±0.0080 in the PAH group and 0.0011±0.0015 in the control group, P=0.036, Fig. 3E) .
Expression of stem cell markers in RT-qPCR. Rats in the PAH group exhibited significantly higher gene expression levels of CXCR4 (relative expression 0.2438±0.2463 in the PAH group and 0.0183±0.0131 in the control group, P=0.036, Fig. 4A ), Table I 
Gene
Forward primer Reverse primer Accession no.
MCP1, monocyte chemoattractant protein 1; IL-6, interleukin-6; TNFα, tumor necrosis factor α; CXCR1, C-X-C chemokine receptor type 1; CXCR2, C-X-C chemokine receptor type 2; SCF, stem cell factor; CD, cluster of differentiation. stem cell factor (SCF) (0.0922±0.0535 in the PAH group and 0.0281±0.0210 in the control group, P=0.012, Fig. 4B ), c-Kit (0.0205±0.0071 in the PAH group and 0.0086±0.0101 in the control group, P=0.016, Fig. 4C ), and CD29 (0.0084±0.0053 in the PAH group and 0.0027±0.0015 in the control group, P=0.019, Fig. 4D ).
Protein expression of CXCR4 and other stem cell markers in immunohistochemical staining.
To further investigate the expression of CXCR4 and its implications, immunohistochemical staining was performed. Few CXCR4-positive cell clusters were observed in lung tissue of the control group (Fig. 5A) . However, there was a marked increase in CXCR4 expression in the PAH group (Fig. 5B) , with 10.39±1.73 CXCR4-positive cell clusters observed in the PAH group compared with 6.83±1.20 in the control group (P=0.015, Fig. 5C ). Additionally, compared to the control group (Fig. 5D ), c-Kit-positive cells around the PAs were greater in number in the PAH group (Fig. 5E) the control group (P=0.003, Fig. 5F ). c-Kit-positive cells were also larger in size in the PAH group. Compared with the control group (Fig. 5G) , the number of CD90-positive cells around the PAs was much greater in the PAH group (Fig. 5H): 7.13±2.13 in the PAH group and 2.85±0.68 in the control group (P=0.009, Fig. 5I ). Serial sections were cut from PAH rats to compare the localization of CXCR4 (Fig. 6A) , c-Kit (Fig. 6B) , and CD90 (Fig. 6C) . Differences in the localization of these proteins were observed; protein expression did not overlap.
Discussion
The main finding of this study is that the expression of CXCR4 and other markers of stem/progenitor cells is significantly higher in PAH rats than in normal rats. Thus, CXCR4 and stem cells such as MSCs may play an important role in pulmonary vascular remodeling. These results provide basic evidence for further studies of treatment with CXCR4 inhibitors for PAH, which may benefit clinical PAH patients.
Methods for establishing PAH models are well-developed. Because the MCT and CH models are regarded as models of mild pulmonary hypertension (19) , a combination of two treatments, such as MCT and CH (15), MCT and pneumonectomy (20) , or Sugen and CH (21) , are commonly used to create a severe disease model that mimics human PAH. In the present study, we used a combination of MCT and CH for experimental simplicity; this method requires only a single subcutaneous injection of MCT and induction of CH, which is straightforward and results in a more severe disease model, which may be more similar to clinical PAH, than a single treatment. We initially developed 6-week models of PAH, but most of the rats died after 5 weeks; therefore, 5-week models were used instead. Significant differences in RVSP and Fulton index between the PAH and control groups were observed. Additionally, the %MT values obtained from α-SMA immunohistochemical staining showed proliferation of smooth muscle cells in the PAH model, and the VOS (which reflects PCNA-positive proliferating cells) showed pulmonary arteriolar occlusion in the PAH model, as we have described previously (10) . Increased expression of MCP1, IL-6, TNFα, CXCR1, and CXCR2 mRNA in the PAH model indicated chronic inflammation. These results suggest that we successfully established a PAH model with pulmonary vascular remodeling.
RT-qPCR experiments showed that the expression of CXCR4 and other markers of stem/progenitor cells was significantly higher in PAH rats than in control rats. These results indicate that CXCR4 or stem/progenitor cells play a role in the pathogenesis of PAH. CXCR4 has been shown to be expressed in cancer cells and to contribute to the proliferation and survival of tumor cells (13) . We previously showed that valproic acid, an epigenetic modifier, was effective for treating PAH in similar rat models (10). We predicted that CXCR4 plays an important role in the chemotaxis, proliferation, and survival of smooth muscle cells, endothelial cells, and other cells in lung tissue, leading to pulmonary arteriolar occlusion or pulmonary vascular remodeling.
The observation that the expression of stem/progenitor cell markers was higher in the PAH group has several interesting implications. Firstly, c-Kit has been detected on the surface of lung stem cells, which can repopulate airways and vessels (22), and on the surface of lung vascular endothelial stem cells, which generate functional blood vessels (23) . SCF, which is the ligand of c-Kit, has also been demonstrated to play an essential role in regulating cell proliferation (24) . In our study, c-Kit-positive cells were significantly more numerous and SCF gene expression was significantly enhanced in the PAH group compared with the control group. These c-Kit-positive stem-like cells surrounding blood vessels may differentiate into mature cells and proliferate, eventually contributing to pulmonary vascular remodeling. Secondly, CD90, which is an MSC marker (25) , and CD29, which is an MSC and fibroblast marker, were more highly expressed in the PAH group than in the control group, indicating that MSCs are involved in the pathogenesis of PAH; these MSCs can also differentiate into mature cells, proliferate, and contribute to pulmonary vascular remodeling. Thirdly, the serial sections revealed that the localization of CXCR4, c-Kit, and CD90 expression differed, which may be because they have different functions or because a subset of MSCs differentiated along smooth muscle or endothelial lineages as part of the PAH injury-repair response.
Interestingly, Farkas et al found that the number of c-Kit + vWF + cells and the expression of CXCL12 began decreasing after 21 days in a Sugen and CH-induced rat model of PAH (14) . Based on these data and the present study, we propose that in the first three weeks of progression in rat models of PAH, stem cells emerge and begin to proliferate, constituting a protective and compensatory mechanism against PAH, such that the rat does not initially show symptoms of heart failure. However, as pulmonary arterial pressure continues to increase, the compensatory mechanism becomes insufficient, symptoms begin to occur, and stem cells stop growing and begin to decline in number; however, pulmonary vascular remodeling may have already occurred because of the stem cells and through other mechanisms. Hence, if PAH rats or patients could be treated with a CXCR4 inhibitor while the compensatory mechanism is still effective, fewer CXCR4-positive cells would emerge and pulmonary vascular remodeling may be less severe.
Our experimental results and previous studies (26,27) suggest that CXCR4 is involved in PAH development; thus, Figure 6 . Adjacent serial sections in PAH rats were prepared and used to compare the expression of (A) CXCR4, (B) c-Kit, and (C) CD90. The three proteins differed in their locatioins (arrows). Scale bar, 50 µm. PAH, pulmonary arterial hypertension; CXCR4, C-X-C chemokine receptor type 4.
CXCR4 inhibitors may be a potential treatment for PAH. Although one small-molecule CXCR4 inhibitor has already been reported to prevent pulmonary arterial muscularization in a PAH model (14, 28) , the role of CXCR4 in the pathogenesis and progression of PAH and the potential of other CXCR4 inhibitors such as LY2510924 or T134 to prevent PAH remain unclear. CXCR4 inhibitors currently in clinical trials are used predominantly for various cancers (29, 30) and HIV therapy (31) . The use of CXCR4 inhibitors in PAH treatment may decrease the number of CXCR4-positive stem cells, decreasing the number of mature cells such as smooth muscle cells and endothelial cells, thereby reducing proliferation, vascular occlusion, and vascular remodeling. CXCR4 inhibitors may therefore offer an alternative to the three major drug classes currently in clinical use for PAH treatment and to organ transplantation, providing new options for PAH patients.
The present study has some limitations. Firstly, animal models are less complex than clinical patients, and it is difficult to establish congenital or hereditary PAH models. Secondly, although we confirmed the expression of CXCR4 and other proteins, we did not confirm the efficacy of inhibitors of these proteins in PAH treatment. Thirdly, CXCR4 has a complex biological function; CXCR4-expressing cells can be recruited to SDF-1-expressing cells in injured areas, assisting injury repair (32) . Therefore, further studies of CXCR4 are necessary. Finally, the precise role of stem/progenitor cells in PAH should be examined in more detail.
